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The generation of spontaneous vortices and the formation of superfluids are closely intertwined. Here, we
report an experimental study of quench dynamics across the superfluid phase transition in a strongly interacting
Fermi gas at unitarity, by ramping down the external trapping potential. The superfluid phase coherence is
recorded, and several tens of vortices are found to be generated during the quench process. A universal growth
dynamics is revealed that for different quenches, the experimental data of quasi-condensate collapse onto a
single curve as a function of evolving time rescaled by characteristic coherence-formation time. Moreover, we
find that for a wide range of quenches, the dependence of the vortex density on the quasi-condensate formation
time, rather than the ramping time, is well described by the celebrated the Kibbble-Zurek mechanism. Our work
paves the way to study the complex vortex dynamics in vortex turbulence systems.
In pursuit of correlated quantum physics in strongly
interacting Fermi gases, much effort has been devoted
to the study of equilibrium phases and transitions [1–6],
where the BEC-BCS crossover [1–3], together with the
high-temperature pseudo-gap physics [5, 6], have been
largely explored. This has shed light on the understand-
ing of high-Tc superconductivity in strongly correlated
cuperates [7–9], and also on the modeling of equation of
states of dense neutron stars [10]. Of equal importance
would be to probe the non-equilibrium dynamics across
a superfluid transition, where the superfluid growth is
closely connected to the generation of spontaneous vor-
tices.
The Kibble-Zurek (KZ) theory provides an appealing
picture for such a dynamics [11, 12]. Near a critical tem-
perature Tc, the system has a diverging correlation length
ξ∼(T −Tc)1/ν and relaxation time τ∼ξ z, where ν and z
are respectively the static and dynamic critical exponents.
As T is cooled across Tc, isolated superfluid domains,
having random relative phases, independently form and
then merge to generate vortices at their boundaries. Even-
tually, with the annihilation of vortices and anti-vortices,
a superfluid with global coherence is achieved. Under the
condition that the temperature T is linearly changed near
Tc, the KZ theory predicts that the density ρv of sponta-
neously generated vortices algebraically decays with the
increases of quench rate τQ as ρv∼τ−αKZQ , with exponent
αKZ determined by ν and z.
For atomic bosons, the KZ physics has been inten-
sively studied theoretically and experimentally [13–21].
The diverging correlation length or spontaneously gener-
ated topological defects both show good power-law de-
pendence on the quench rate with expected critical ex-
ponents. However, confirmation of the KZ universal-
ity in strongly interacting Fermi gases remains lacking.
The coexistence of many-body pairing and formation of
superfluid phase coherence in quench dynamics makes
the fermionic KZ physics intrinsically more complex and
richer than bosonic systems.
Here, we report an experimental study of real-time dy-
namics of quasi-condensate growth and spontaneous vor-
tex formation for a strongly interacting Fermi gas at uni-
tarity. We prepare a large cloud of strongly interacting
6Li atomic Fermi gas in an oblate optical trap. Starting
from a Fermi gas above the superfluid transition tempera-
ture, we ramp down the evaporative cooling trap potential
at a finite rate, thus the system is effectively thermally
quenched across the superfluid phase transition and a
large number of spontaneous vortices are generated. The
dynamical formation of quasi-condensate number (N0) is
extracted from time-of-flight (TOF) measurements and
the density of vortices (ρv) is measured when N0 reaches
its saturated value Nsat.
Several intriguing phenomena are revealed in the
quench dynamics. First, it’s found that the growth curves
of N0 with different quench rates can collapse onto a sin-
gle curve characterized by two time scales only, t f and td ,
where td represents a delay time for the quasi-condensate
to emerge and t f is the formation time. Second, the im-
ages of spontaneously generated vortices are blurring for
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2small N0, and gradually become clear, illustrating the
merging process of superfluid domains in the KZ the-
ory [22]. Last but not the least, ρv shows an unexpected
non-monotonic function of trap-ramp time tramp, which
varies from 200 ms to 1500 ms in the experiment. As
tramp becomes longer, ρv first increases, reaches a max-
imum around 400 ms and then drops, making tramp fail
to characterize the KZ process in our system. Interest-
ingly, the formation time t f has a similar inverted non-
monotonic function of tramp as ρv. By plotting ρv versus
t f , the KZ scaling is recovered and the extracted criti-
cal exponent agrees well with the theoretical prediction.
This observation demonstrates that the quasi-condensate
formation time is an effective physical quantity to char-
acterize the quench dynamics in the strongly interacting
Fermi gas.
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FIG. 1. Spontaneous vortices generated through temperature
quench at 832.18 G. (a), a typical absorption image of the vor-
tex tangle for 400 ms ramp time. (b), the statistical histogram
of counted vortex number for 300 repetitive experimental runs.
The solid line is a Gaussian fitting curve.
The main experimental setup and method to pre-
pare 6Li superfluid have been described in our previous
works [23]. Here, we start by preparing a balanced spin
mixture of 6Li with 1×107 atoms at 832.18 G in an ellip-
tical optical dipole trap ( 1/e2 radius 200 µm and 48 µm
(gravity direction)). The cloud is further evaporatively
cooled by ramping down the trap depth from 18 µK to
0.8 µK with variable time. Typically, for a 3 s evapo-
rative cooling, a superfluid of 3.9(1)× 106 6Li atoms at
0.05(1)TF can be prepared. We further find that the Fermi
superfluid can also be created over a wide range of tramp,
and thus various temperature quench rates across the su-
perfluid phase transition can be achieved [14, 15, 18].
Moreover, the large atom number and the achieved low
temperature enable the spontaneous generation of plenty
of vortices.
To probe the vortices, the optical trap is suddenly
switched off and the cloud is expanded in the residual
magnetic curvature. During the first 2 ms of expan-
sion, the magnetic field is rapidly jumped to 720 G, and
the cloud is further expanded for another 8 ms at this
field. Strong saturation absorption imaging along the
gravity direction with a resolution of 2.2 µm are then per-
formed. Owing to the oblate trap geometry, the cloud ex-
pands rapidly in the gravity direction, resulting in vortex-
core bending and imaging blurring. Nevertheless, the
high contrast of the vortex cores is still obtained (see
Fig. 1(a)), suggesting the straight alignment of vortex
lines.
Fig. 1(a) shows a typical result for a 400 ms ramp, in
which a large amount of randomly distributed vortices are
displayed. We further measure the vortex counting statis-
tics with the vortex number being counted by adopting
a Laplacian-of-Gaussian blob detection algorithm [24].
Fig. 1(b) gives the vortex-counting statistics of 300 repet-
itive measurements for a 400 ms ramp. The obtained
Gaussian distribution is consistent with the spontaneous
nature of the vortex generation, and the large variance of
vortex number reflects the strong fluctuations of the su-
perfluid domains near Tc, as described in the KZ theory.
We stress that the KZ physics for Fermi gases is fun-
damentally more complex than Bose gases, as the de-
velopment of long-range superfluid coherence also in-
volves the formation dynamics of Cooper pairs. There-
fore, we first study how the quasi-condensate of Cooper
pairs evolves after the temperature quench. For a given
ramp time, strong saturation absorption imaging at 720 G
is performed to acquire the momentum distribution of the
cloud for different time after the start of ramp. The N0
is then obtained by fitting the density profile of the cloud
with a Gaussian plus Thomas-Fermi distribution. The ex-
perimental result of 400 ms ramp is shown in Fig. 2(a),
where the quasi-condensate growth experiences an ini-
tial slow dynamics and then enters into a rapid formation
phase.
Figures 2(b) and 2(c) give exemplary absorption im-
age of the cloud and the central line cut with quasi-
condensate number being around 0.2Nsat, respectively,
while Figs. 2(d) and 2(e) are those probed at 0.8Nsat. The
fluctuations on the density profiles are from the vortex
cores. It is clearly seen that when the N0 is small, the
vortex cores are blurring with very low contrast and these
vortices are distributed in a small spatial region where
superfluid phase transition has occurred. As the N0 in-
creases, the vortices become more visible and spread over
the whole cloud. It’s known that, at the onset of the phase
transition, the domains are so small that the vortices are
hardly visible. As the temperature keeps decreasing, the
size of the superfluid domains become larger and larger,
and their merging results in random vortices with better
visibility [22]. Our measurements provide an experimen-
tal demonstration of such mechanism.
Figure 3(a) summarizes the growth curves of N0 with
3(a)
(b) (c)
(d)
(b,c)
(d,e)
0.30 0.35 0.40 0.45 0.50 0.55
0.0
0.2
0.4
0.6
0.8
1.0
6
N
 (
1
0
)
0
Time (s)
(e)
O
D
-400 -200 0 200 400
0
2
4
6
8
Position (μm)
-400 -200 0 200 400
0
2
4
6
8
O
D
Position (μm)
2
800×670 μm
2
800×670 μm
FIG. 2. Real-time measurements on the quasi-condensate num-
ber and spontaneous vortices. (a), the growth curve of N0 for
the 400 ms ramp. Each data point is averaged from 3 individual
measurements with error bar being the standard statistical error.
The solid line is a S-shaped guiding line. Two empty squares
mark the points of 20% and 80% of the Nsat. (b, d) and (c, e) are
the absorption images of 10 ms TOF and the central line cuts of
the column density distribution, respectively. In (c) and (e), the
solid lines are the fittings with a Gaussian plus Thomas-Fermi
distribution, and the dashed lines are the Gaussian fitting of the
wings.
different tramp. The Nsat continues to increase as the ramp
time becomes longer. We note that for slow ramps with
tramp≥600 ms, N0 approximately saturates at the end of
trap-ramp, while for fast ramps with tramp≤400 ms, the
rapid growth of N0 just starts or even has not started yet.
This delay may be caused by the limited thermalization
rate, or complicated many-body collective physics in the
pseudo-gap phase.
Two characteristic parameters are further extracted
from these curves: td is the time-point when N0 reaches
0.2Nsat, and t f is the time interval between 0.2Nsat and
0.8Nsat. As defined, td represents the delay time when
the system starts to form quasi-condensate of Cooper
pairs, and t f characterizes the time duration of quasi-
condensate growth. The results are plotted in Figs. 3(c)
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FIG. 3. (a) The growth curves of N0 for various tramp. The
solid lines are for eye guiding. (b) Re-scaled growth curves
with normalized condensate number N0/Nsat and normalized
time (t − td)/t f . (c) and (d) show the extracted td and t f at
different ramp times, respectively. The solid lines are linear
fittings. (e) and (f) are the td and t f normalized by tramp. The
solid lines are exponential fittings.
and 3(d). It is seen that td is a linear function of tramp with
a nonzero intercept, while t f scales linearly with tramp
only for slow ramps. As tramp decreases, the formation
time t f becomes larger, mainly due to the enhanced atom
loss and inefficient evaporative cooling for fast quench
(see Fig. 3(a)).
We first attempt to re-scale the td and t f by normal-
izing them with tramp, and the results are shown in the
Figs. 3(e) and 3(f). Intriguingly, they both exponentially
fall with tramp and tend to be a constant value in the long
time limit. Qualitatively, this behavior depends on the
thermalization of the Fermi gas for different tramp. For a
slow ramp, quasi-equilibrium of the Fermi gases can be
realized during the ramping process (except those high-
energy excitations associated with vortices), and thus the
real-time quasi-condensate number N0(t) is merely de-
termined by the trap depth U(t) ∝ t/tramp. However, for
a fast ramp, the thermalization of Fermi gas cannot be
reached, and the quasi-condensate growth would occur
at or after the end of the ramping. Taking this picture
4into consideration, we further normalize the growth data
of N0 with re-scaled time (t − td)/t f . Strikingly, all the
data collapse into a single growth curve (see Fig. 3(b)),
which implies that the quasi-condensate growth is univer-
sal. These intriguing observations call for future theoret-
ical studies of real-time quench dynamics of the strongly
interacting Fermi gas.
To study the KZ scaling, ρv is measured for a wide
range of tramp. To directly compare with KZ theory
predictions, the measurement of temperature evolution
would be required to extract the quench rate. However,
it is a great experimental challenge for the strongly inter-
acting Fermi gas, especially in the non-equilibrium set-
ting. We thus first try to plot the ρv dependence on tramp,
based on the priori knowledge in previous atomic boson
system where temperature quench rate is approximately
the same as trap ramp rate [15]. The result is shown in
the inset of Fig. 4. As tramp decreases from 1500 ms, ρv
increases until it reaches a maximum around 400 ms and
then drops in the fast-ramp region, which does not fulfill
the KZ mechanism.
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FIG. 4. Log-log plot of the vortex density ρv versus the for-
mation time t f . The blue circles and red squares correspond to
the slow and fast ramps, respectively. The error bar represents
a standard statistical error over 30 independent measurements.
The dashed line is the fitting curve with saturated KZ model,
while the solid line is the fitting curve with standard KZ model.
The inset shows the ρv dependence on tramp.
We argue that besides τQ, the quasi-condensate forma-
tion time t f should also be an effective quench parame-
ter to describe the superfluid phase transition. Since in
the mean-field treatment, N0(t) ∼ t/τQ holds for adia-
batic growth of the quasi-condensate. We then plot ρv
as a function of t f in Fig. 4, where blue circles and red
squares correspond to the slow and fast ramps, respec-
tively. For large t f , the vortex density demonstrates a typ-
ical power-law dependence as described in the KZ mech-
anism. While as t f decreases, it tends to saturate. Such
a saturation behavior can come from the annihilation of
dense vortex pairs generated in fast quench, and has been
observed in previous works [15, 20]. We fit the data
with empirical function ρv = ρsat(1+(t f /tsat)2αsat)−1/2,
where ρsat and tsat represent the saturated vortex density
and characteristic quench time for the onset of satura-
tion [20]. All the data points from both fast ramps and
slow ramps can be well described by such a unified func-
tion, demonstrating the validity of t f as the quench pa-
rameter again. The regime of t f > tsat is then used to
acquire the KZ exponent by fitting the data with a power-
law function. Finally, αKZ = 2.75(41) is obtained. In a
3D harmonic trap, the vortex KZ exponent is predicted
to be αKZ = 2(1+ 2ν)/(1+ νz) [25, 26]. According to
the F model, ν = 2/3 and z = 3/2 for a 3D system [27],
leading to αKZ = 7/3, which is consistent with the exper-
imental result.
In conclusion, we create a large number of sponta-
neous vortices in a strongly interacting atomic Fermi gas
by ramping down the trapping potential. Precise mea-
surements on the quasi-condensate give a direct obser-
vation of real-time dynamics of quasi-condensate growth
and spontaneous vortex formation. With the formation
time t f measured in experiments, the KZ scaling is re-
vealed for the strongly interacting Fermi gas. The ex-
tracted KZ exponent agrees well with the prediction in
weakly interacting boson atomic system. Our work pro-
vides a starting point for the future study of complex
vortex dynamics such as annihilation and correlation in
strongly interacting systems. The quasi-2D feature of
the vortices also enables the exploration of rich quan-
tum phenomena of 2D vortices, including Berezinskii-
Kosterlitz-Thouless transition, holographic liquids, and
quantum turbulence.
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